In a previous study we showed, by immunohistochemical analysis on rabbit fundic mucosa, that in addition to its usual presence on the luminal plasma membrane of endothelial cells, angiotensin converting-enzyme (ACE) was localized inside granules of surface and neck mucous cells and within granules of chief cells. The aim of the present study was to localize ACE mRNA in cells of the rabbit fundic mucosa by in situ hybridization with a %-labeled probe. This probe was a D N A fragment (406 BP) encoding a portion of the rabbit ACE mRNA obtained by reverse aansCrption followed by polymerase chain reaction on total RNA extracted from
Introduction
Angiotensin I-converting enzyme (ACE; EC 3.4.15.1) is a dipep-tidy1 carboxypeptidase which catalyzes the hydrolysis of several biological peptides (Erdos and Skidgel, 1987) . ACE is widely distributed in mammalian tissues (Van Sande et al., 1985; Roth et al., 1969) , particularly in endothelial (Caldwell et al., 1976) , and also in epithelial cells (Defendini et al., 1983) . In the gastrointestinal tract ACE has been localized on plasma membranes of epithelial cells in intestine, in contact with the effluent (Ward et al., 1980; D u g p et al., 1989; B r u n d et al., 1986) . In the stomach it has been shown that whole organ from rats exhibits ACE activity (Roth et al., 1969) and that rabbit gastric muscle contains membrane-bound ACE (Kobayashi et al., 1991) . Recent data from our laboratory have shown that, in addition to its usual presence on the luminal plasma membrane of endothelial cells of gastric vessels, ACE is localized on rabbit fundic mucosa in association with granules of surface and neck mucous cells and with granules of chief cells, as shown by immunohistochemical analysis (LalibertE et al., 1991) .
The question remains of whether ACE is synthesized in these cells or imported. To provide some information about this, we have previously demonstrated ACE messenger RNA (ACE mRNA) in a purified gastric epithelial cell preparation (Nonotte et al., 1993) . Now we have studied the localization of ACE mRNA in the rabbit ' Correspondence to: Fransois Lalibertt, INSERM U.300, Facultt de Pharmacie, Avenue Ch. Flahault, 34060 Montpellier cidex 1, France. fundic mucosa. ACE "As were detected in mucous and chief cells and in endothelial cells of the m u d vasculature.
These d t s are in complete agreement with our prior studies which showed by immunohistochemical analysis that ACE is present in these cells. Our fmdings therefore suggest that ACE previously detected in epithelial cells of the rabbit gastric mucosa is actually synthesized within these cells. (JHistochem Cytochem 42:197-201, 1994) KEY " S :
ACE "A;
In situ hybridization; Radiolabeled probe; Polymerase chain reaction; Gastric mucosa; Rabbit. fundic mucosa, using in situ hybridization with a radiolabeled cDNA probe, and the results of this study are reported here.
Materials and Methods

Tissue Processing
Male New Zealand rabbits were used (weight 2.5 kg). They were fed with commercial diet (UAR; Epinay sur Orge. France). Whole stomach was removed from animals anesthetized with an IV injection ofsodium pentobarbital (20-40 mglkg). Immediately after removal fragments were dissected from the fundic region, cut into strips, and immersed in a cold solution of 1% paraformaldehyde in PBS for 24 hr at 4'C. After fixation, fragments were cryopmtected by overnight immersion in PBS containing 15% sucrose, then embedded in tissue-Tek OCT compound (Miles; Elkart, IN) and frozen in liquid nitrogen-cooled &pentane at -3O'C. Cryostat sections (10 pm thick) were mounted on glass slides previously treated with HCI and subbed with poly-Llysine (50 mg/ml). Slides were dried overnight at 4'C.
Some sections were also made on Lowicryl K4M blocks of rabbit gastric mucosa prepared according to Armbruster et al. (1982) . One-pm Lowicryl sections were then performed and stained with methylene blue for histological observations or immunostained for ACE with anti-rabbit ACE goat serum followed by FIlC-labeled rabbit anti-goat IgG as described by Lalibertt et al. (1991) .
MobcuLar Probe
Characterization. The probe used for in situ hybridization was a cDNA fragment coding for a portion of the rabbit ACE "A, which was ob-NONO", L A L I B E~, GANNOUN-ZAKI, MI, CHEVILLARD, LALIBERT~ tained by reverse transcription followed by polymerase chain reaction (RT-PCR) from total RNA extracted from rabbit fundic mucosa. The sense primer, 5'GGATCCAACAAGACTGCCACCTGCTGG, begins at position 517 in the rabbit ACE gene; the anti-sense primer, SGTCGACCCAGCXTG-GGCCCACATGTC, begins at position 890 in the rabbit ACE sequence. The cDNA obtained after reverse transcription with the anti-sense primer was amplified with Taq DNA polymerase (Promega; Madison, WI) for 30 cycles, as follows: 1 min at 50'C to allow reaction of the annealing primers; 5 min at 69'C for primer extension; and 1 min at 92°C to denature the double-stranded DNA. An aliquot of the PCR reaction mixture was then submitted to electrophoresis in a 1.4% agarose gel in liis borate-ElXA buffer. The product was visualized by ethidium bromide staining. The amplified fragment was subcloned into the plasmid Bluescript I1 KS+ (Stratagene; La Jolla, CA) by the two restriction enzyme sites included in the PCR primers: BamH I for the sense primer and Sal I for the antisense primer (underlined in the primer sequences). Ligated DNA was transfected into Escherzchia coli and the recombinant colonies were identified by analysis of DNA isolated from individual culture lysates. DNA sequencing was done on both strands using the T3/T7 primers and Tiq Dye Primer Cycle Sequencing Kit (Applied Biosystems; Paris, France).
Labeling. After BamH I and Sal I digestion, the insert was radiolabeled by the random primer labeling method with [35S]-dATP, using a DNA multiprime labeling system (Amersham; Paris, France). The specific activity of [3'S]-dATP was >lo00 Ci/mM. The specific activity of the cDNA probe was 2.8 x lo8 or 1 x 10' cpmlpg. The labeled probe was purified through a Sephadex G5O minicolumn, followed by speed-vac evaporation, and was recovered in hybridization buffer. The probe activity was 5 x 10' or 3 x 10' cpm/section.
Pre-treatment
A group of slides was submitted to w irradiation as described by Tiedge (1991) . Briefly, tissue sections covered with 2 x SSC were illuminated with wide-spectrum w light at a distance of 30 cm for 10 min. Another group, not submitted to W, was used for comparison. After washing in 2 x SSC, the two groups of slides were redivided into two groups, one submitted to RNAse (50 pg/ml) and the other without RNAse.
After washing in 2 x SSC (15 min at room temperature) and a rapid rinse in distilled water, all slides were dehydrated through graded ethanol concentrations.
Hybridization
Half of each group of slides was pre-hybridized in a wet chamber at 37°C for 1 hr: tissue sections were covered with hybridization buffer (50% formamide, 4 x SSC, Dextran 10%. 1 x Denhardt's solution, tRNA 500 pg/ml, DNA mixture from herring and salmon sperm 400 pglml each).
All slides were then incubated in hybridization medium [the same buffer with "S-labeled probe and 10 mM dithiothreitol (LYIT)]. Fifteen p1 (containing 1.75 or 3.6 ng of cDNA) was applied to each section (which was covered with a coverslip and sealed with rubber cement to prevent evaporation) and the sections placed in a wet chamber at 43'C for 16 hr.
After hybridization, coverslips were removed and sections washed twice for 30 min at 45'C in 4 x SSC, 40% formamide and once for 45 min at 45'C in 4 x SSC, followed by three 2O-min washes at room temperature in 2 x SSC.
Detection of Signal
The sections hybridized with the radiolabeled probe were dehydrated through graded ethanol concenuations, dipped in water-diluted (1:l) NTB2 photo-graphic emulsion (Kodak, Rochester NY), and exposed for 17-19 days before development in Kodak Dl9 solution. After fucation in 30% sodium thiosulfite, slides were stained with hematoxylin and eosin (HE). Observations and microphotography were done with an Olympus BHS photomicroscope.
Counting of Grains
The silver grain density was evaluated for different types of cells present in the gastric mucosa. Quantitation was made on four micrographs (original magnification x 248). On each micrograph the area occupied by each kind of cell was calculated in percent of total area and the number of silver grains related was counted. Then mean values were obtained and correlated for the four plates.
Results
To obtain a homologous probe for in situ hybridization on rabbit tissues, we synthesized a cDNA fragment coding for a portion of the rabbit ACE "A.
The fragment obtained was 406 BP long, as shown in Figure 1A . No amplification was observed when RNA was omitted from the RT-PCR mixture.
To assess the specificity of the cDNA probe, the amplified fragment was subcloned, sequenced, and compared with the rabbit pulmonary sequence (available from the EMBL Data Bank, accession no. X 62551). The sequence obtained is shown in Figure 1B . It was similar to the pulmonary sequence except for two nucleotides identified by a point above them.
When the 35S-labeled probe obtained was used on frozen sections of gastric mucosa, preliminary experiments without cryoprotection poorly preserved the cell structures (results not shown). Therefore in subsequent studies we used sucrose as a cryoprotectant after fixation. Under this condition the experiments were repeated three times. The results were reproducible, with, however, some variations in the total number of silver grains per slide. Signals indicating the presence of ACE "A were obtained both on endothelial cells and on epithelial cells from rabbit fundic mucosa.
Four micrographs (Figures 2a-2d ) are provided as topographical references: Figure 2a represents a section of the entire mucosal thickness and Figures 2b-2d show details of apical, median, and basal areas (see legend to Figure 2 ). On Lowicryl sections immunostained for ACE (Figures 2g-2j ), a fluorescent signal indicative of the enzyme could be seen on all types of blood vessels: venules, arterioles, and many capillaries. Note in Figure 2g the punctiform fluorescent signal on chief cells. In the same figure, the capillaries are often in contact with parietal cells, sometimes overlapping on the cell. Finally, note the false-positive labeling ofthe parietal cells. The nonspecificity of this fluorescent signal was confirmed previously in LalibertE et al. (1991) .
All micrographs of in situ hybridization (Figures 2e, 2f , 2h, 2i, 2k, 21) were obtained from cryostat sections stained with HE.
In all cases, we observed the best results when sections were not pre-hybridized but were w-illuminated. We observed a better hybridization with 3.6 ng and 3 x lo5 cpmkection than with 1.75 ng and 5 x 105 cpmkection of labeled DNA. The exposure time was 19 days in the first case and 17 in the second (Figure 2i vs Figures  2h, 2k, and 21) .
In the entire depth of fundic mucosa, in the lamina propria, In the lamina propria, at the bottom of the glands, some vessels were present and were easily identifiable as arterioles and venules. The hybridization signal was mainly observed in many endothelial cells of these vessels (see Figure 2k ). In contrast, on the slides pre-hybridized or not and w-irradiated or not, eosinophilic parietal cells were never labeled over the background level (see below), as shown in Figures 2h, 2i , and 21.
A hybridization signal was always present on mucous cells (both surface and neck cells) ( Figure 2h ) and on chief cells (Figures 2i  and 21 ) from fundic mucosa. On all of these cells, which appear blue with HE staining, the silver grains were found in the cytoplasm, particularly in the apical zone of chief-cell cytoplasm (Figures 2i  and 21) .
Whatever the zone considered and the protocol used when hybridization with ACE cDNA was preceded by RNAse treatment, hybridization signal could be considered as abolished: <10 grains in Figure 2e and 2 or 3 grains in Figure 2f . Likewise, no grains were observed on only pre-hybridized or probe-omitted preparations (not shown).
A rapid quantitation of silver grains was made for chief, parietal and capillaries endothelial cells on four slides showing hybridization. The total observed surface (0.4 mm2) corresponds to Zone 2 and Zone 3 of the mucosa defined in Figure 2a . i.e., the middle and bottom of the glands. These zones were chosen because chief cells (76.15% of total area), capillary endothelial cells (10.46%), and parietal cells (11.7%) were well represented (see Table 1 ). The difference to 100% (1.68) of area corresponds to interglandular space without cells. Table 1 clearly shows that the small number of grains observed on parietal cells, which could be due to overlapping of capillaries, is nevertheless not indicative of hybridization compared with chief and endothelial cells.
Discussion
To detect a nucleic acid sequence with a complementary probe, it is necessary for the sequence of the probe to be as close as possi- TA~GACTCGCCCACCTTCGAGGAGGACCTGGAGCGCA ble to that of the target. In view of the species differences in ACE mRNA sequences obtained by computer analysis of human and mouse cDNA. we have synthesized by RT-PCR a cDNA probe from total RNA of rabbit gastric mucosa. This probe was prepared to ensure species and organ specificity. Its sequence is identical to the corresponding portion of rabbit pulmonary (endothelial) ACE mRNA now available from the EMBL Data Bank.
We chose the oligonucleotides used for RT-PCR to amplify a 406 BP fragment outside of the catalytic domain of ACE to ensure the specificity of the cDNA probe for ACE mRNA. Indeed, segmental homology has been shown in active-site sequences of ACE, thermolysin, neutral endopeptidase, and collagenase (Soubrier et al., 1988) . Therefore, if oligonucleotides used for RT-PCR were chosen to amplify the active-site sequences of ACE, they also could produce an unspecific cDNA probe and subsequently detect mRNA encoding for other peptidases in addition to ACE mRNA.
Only two micrographs from immunofluorescence analysis are shown here to recapitulate the results previously published, for the purpose of assisting in the interpretation of the in situ hybridization. On these micrographs, immunolabeling for ACE could be seen on chief cells and in a strong pattern on blood vessels. It is of interest to note the presence of strongly fluorescent capillaries close to parietal cells, sometimes giving the impression of interpenetration. In our opinion this overlapping should be taken into account to explain the presence of very few grains on in situ hybridization slides, at the periphery of some parietal cells. These grains are therefore "on" and not "in" the cells.
With our cDNA probe for in situ hybridization on the rabbit gastric mucosa, we have shown that ACE mRNA is expressed in mucous and chief cells of the mucosa and in endothelial cells of the mucosal vasculature. As the expression of ACE mRNA in blood vessels endothelial cells is now established (Soubrier et al., 1988) . the presence and the density of hybridization signal in endothelial cells can be considered an internal positive control, whereas the low, nonsignificant signal detected on parietal cells can be considered an internal negative control. The specificity of the signal was also confirmed by the very low signal observed in preparations treated with RNAse before hybridization and by the absence of signal on probe-omitted or only pre-hybridized slides. Overall, the complete concordance between the in situ hybridization and im- munohistochemical results could also account for the specificity of the signal and indicates that the two methods complement each other quite well in localizing the gene transcript and the enzyme in the same tissue.
On the other hand, the fact that mucous and chief cells as well as endothelial cells in the rabbit gastric mucosa are labeled by the same probe suggests that the complementary sequences of ACE mRNA on gastric epithelial and endothelial cells are identical. In addition, this observation agrees with our previous results in which a fragment amplified from total RNA obtained from mucosal epithelial cell preparations completely devoid of endothelial cells demonstrated a sequence similar to that of the rabbit pulmonary ACE (Nonotte et al., 1993) .
The results of the present study therefore demonstrate that ACE previously detected by immunohistochemistry in epithelial cells of the rabbit gastric mucosa is synthesized within these cells. It remains to determine the physiological role of ACE at the gastric epithelial cell level. One indication can be found in the observations of Bunnett et al. (1985) , who showed that two specific inhibitors of ACE (Captopril and MK 422) partially inhibit the catabolism of substance P (SP) and gastrin-releasing peptidase (GRP) by gastricbound peptidases, suggesting that ACE plays a minor role in the catabolism of these neuropeptides in stomach. Another observation by Schonherr et al. (1992) that gastric mucus is a very effective inhibitor of ACE (inhibition partly due to oligosaccharides) is attractive, since ACE and gastric mucins are co-localized in the gastric mucosa. The possible involvement of mucopolysaccharides in regulating the enzyme activity at the gastric level could be a future path for further investigation.
